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Tavostiya akadexm!i! rauk SZ5R M. P, Timofeyevy
[News of tha Azatazy of ‘
Sclences US3R] re-physica

seriss, No 6, November-

December 1955, Moscow, Pages

51L4-520

The article is a first at.empt at elementary quantitativo
examination of the procass of formation of advective fogs in the
aurface laysr of tho atmosphere,

On the btasis of analysis of solutions of equations of turbulent diffu-
sion of hoat and moisture obtalned for the conditions of the surface layer
of the atmosphere, the conditions of formation of advective fogs according
to the initial characteristics of the alr and the underlying surface are
investigpated. Vapor fops are examin~d at greater length. In this case it
i3 shown that in addition to the initial characteristics (temperature,
humidity) of air flowinm over the surface of water, the chief characteristics
determining the davelopment of fog are the size of the body of water and the
intansity of the turbulent moisture and hwat exchange between the surface of
the water and the moving air. Approximato results are ovtalned for con-
diticns of natural dissivation of vapor fogzs. :

Fogs mav arise i{n the surface layer of air when the air becomes saturated

due to tha temperature havinr fallen to the dew point or due to enrichment

of the air with water vapor (for example, owing to evaporation from the
undsrlyinz layer). For the formation of fosm, in addition to a drop in air
temperature to the dow point or an increass in humidity to the saturation
point, there is necessary a certain additional drop . temperature and an

uddi tional introduction of moisture in order to create -in the. air sufficient
water content to cause tha reduced visibility associated with fog:(visi-

bility of less than one knm).

With the presence of condensation nuclei in the air (which is practically
always observad), ths occurrence of fog i3 determined chiefly by a change
in the temperature and humidity of the alr. For the surface layer of air
ona of the principal procasses causing the mentioned changes is the heat and
molature exchanre betucon the air and the underlying surface., Undsr the
influence ol this heat and molsture exchanre fogs also occur in the surface
layer of air, esrecially the so-called advectlive fogs,

Fram the physical point of view suth fozs may be divided into 2 zmups.

(a) Fops occurrine dun to a drcrease in air temperature under the
{nfluence of heat exchango botwean the air and the colder underlylng surface.
With this the moisture content o7 tha warm air movin: over the cold undar-
lying surface undorpoes no sustantial change, TIn this way the advective
fors of winter in cur latitudes are formed. The densast advective fogs of
this typa are foriad in the case of a movement of warm humid air over the

cold undarlyin~ surface.

(b) Fors orourrins dus to a chanse in the temperaturae of tho air and a
gubatantial chanes in its moisture content. A characteristic exatple of such

fnos i3 tha so-called varor fo= {sametimey callerd stoam fog). Vapor tfog
Ariges with Lha moyewsnt of ai= over a surfacs from which intensive ava-
marabioan or e, emno e A cnrnidersble dncresce T the himidity of the
alr.  In trin cane tue adr Clowing cover Ahe sorface must have a lower
SN Aooanonverse rocition of temporature the

tamporiature baar tme urto .
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proceas of ~varcratiosn, increasing the moisture content of +he alr, cannot
lenad to the “~rmation of fog.

It =2t b voipted cut that with considerable differonce in tho ten-
Feraturu of !+ -oving air and that of the underlying surface, even under
winter cemifticnd ovapnration may te quite consicerable and capable of
insuring saturation o the alr with water vapor when tho area of the under-
lyineg surface ', rolatively small, In the case under consideration, not
only tte bo=1-14v rut also the temperature of the moving air undergo a change.

Tho mout tsrical example of vapor fog is the fog obsorved in winter over
unfrozen wite~ surface,

Let vs evamine this case of fog formation in greater detail.

As has already been mentionsd, for explanation of the conditions giving
rise to vupror foes 1t is necessary to examine the procesases of heat and
moisture excnanre between moving air and the surface of the water.

Lot us assume that air with a temperature and humidity of Ty and q,
respoctively, moves over a water surface with a temparature of Ty.
Desipnating thu Lempsrature and humidity of the air above the aurface of
the woter a3 T and q, we have the equation for the values T and qi

s oz 1}

G WEL ReskE o

where u 33 the speced of the wind, coinciding in direction with the x axis,
and k {s the coefficient of turbulence.

Sinco we are investigating the simplest theory of this phencmenon, we
shall use the simplest form o the equation f{or heat and moisture exchange.

Solution of equation (1) for the functions k and u was done in the work
1istad in ftem {1] of the roference literature and has the following form:

. s LI ’

I f’.:(l.--/.)l'(;;.-!/-)- 'l"h'!‘('lw_'h)F(T“-lp)' (2)

Here qy 1s tha saturation humidity corresponding to the temperature of
the surface of the water.

i
The functicn of {)--ﬂﬁ)is well known and well tabulated {?]. It des-

cribos the chanre in temporature and humidity of the alr moving over the
surfaca of the water,

Geperallsy u:-akine F depends on 2 parameters; however, parameter p
chansos but Yittle and may assumou equal to O.1.

Parametes . 4. simely earressed throuch cosrdinates x and =:

t L, r ) .
1 . " oy (‘)
L} -
' i .| PR

whare Ky and us aee tre walues of the coe!iel-nt of turtulance and wind
volo~{ty, = ~t- tivel', at tre ale-ation Ty

We rate thyr o tre Taecricn ekargees Trom zero {with x - 0 or 72 >0 ) to
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unity (with = .» e or z = 0)., In the first cese the temperatumm and

huridity srpoowe tna initial vslues. The value of parametor L, on which
the fur~tion ¥ <darends, is determined by the size of the body of water
over whiech o iy flews, the elevation above the surface of the water,

and the rtic bhosul,

STAT

Thes, the seie thysical parareter detemining the tenperature and hunldit.y.
of the movin- afr {5 the ratio k1/uj. Its valuo is well known for the equip-

onderant conditicns over dry land and in the first arproximation it may be
adoptrd Yo ~aiculations associated with vapor fogs. In addition, the ele-

mentary theory of alr temperature and humidity cbanges presentaihers pormits,
with the uce of relatively simple measurements, calculation ot the value of

ky/uy.

Actualy, as formulas (2) and (3) show, in ordor to calculate the ratio

k1/up it 13 necessary (in the direction of the wind) to measure the tempera-

ture or thu hunidity of the air at 2 points (for example, on tha leeward
and windward stores of the body of water) or at 2 points of an open surface
of water. 1¢ tie ratio ky/u] is known, then it is easy to ottain the value

of the function ' for eny values of x and z,

With F known we will aitempt to explain the conditions of formation of
fog. For simplicity of calculation we will assume at first that the values
T1 and q} {initial temperature and humidity of the air) do not change with

elevation.

It is evident that fog may be formed under the condition

q > qs, (b

where qg is the saturation humidity for the given temperature. The condition

in (L) may be rewritten as
q=q3 +d, (5)

where J is a certain additional amount of condensed molsture causing gm .
squals

decroase in visibility which is characteristic of focg. The quantity
"the aquecusnoss of the fog and its value may now be essily determined.
' i [

If use 13 made of the known dos:endence of q. on tho temperature and the

relations in (2), then condition (5) for fomation of fog ia given in

greater detail ir the following form:

i1 = P = oxp (SO ) — roxp( 2G5 + frore (= 55

(6)

where r] iz the initial relative humidity of the air, a and b are the

ccnstants of the Macpus formula, and g, is the saturation humidity at o°c.

The moaning of relationship (6) is as follows., If alr with a relative
humidity of =y and a temporature of Ty flows over a body of water vith a

surface temperature of Ty, then above the surface of the watsr there is

formad a for with a density & only on the condition that Ty, Tyr Ty and;

with the riven wvnlua of F satisfy equation (6).

To simrlify “urther analysis we shall assume that T, = 0°C. In other

words, we shatl examine the case of formation of winter vapor fogs ahove
unfrozen witer with a surface teomperature of 0°C,

-3 -
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It must Ve vointed cut that such conditions are obaerved in nature,

and hence the ~ase up er considsration is real. It is not possible here
to shaed furtre- li,s4% cn the sort of natural processes under which the
assumed conidisi-n of T, - U° € is obtained,

On the %=uiu ¢ ~3uxtion (6), with J/qo « 0.02 (which corresponds to
a fog wate~ oo nt of 0,1 #/m?) {t i3 possible to calculate tha necessary
alr tamperatore Toonirnated in Figure 1 as Tk) in order that, wvith a given
relative hu-i<tty )} and a wiven value of function F, fog may ts observed.

Tho resuits o tin calculation are deplicied -~raphically in Figurs 1,
with values of 7. :nd ¥ rnarked of ¢ along the nxes. The 3 lines plotted in
the figure cor -rand tu initial values of humidity ¢f 70, $0, and 100%.
The curves s o= :: @ ‘1 the formation of fog, in addition to the determined
values of the ‘-i+ia! rharacteristics of the air (T and ry}, the size of
the body of w1t-r =nd “rvi Intonsity of the heat and molusture exchanje botwsen
the air and ' sur’are ot Lthe water are also of considerable importance.
The role of ti« -aitial humidity i3 seen from the following example., If
F = 0.7, then Tu:r v - 70, 90, and 100%, the initial temperature of the air
(counting foc- Y suiL correspondingly be -19, -1k, and -9°.

The !nfluen~ 7 tie size of the body cf water ana of the intensity of

the heat and =ot.tlu:g exchange (Lhat is, of the value of function F) is
easily {1lugirated bv the following axamples.

If ry = 907 +hon the valves of Tk, in derendence on F, may vary from
-10 to -~2?L°.

It i3 clear thrt gimilar curves may be plotted for amy valuss of fog
watsr conternt (that is, for fops of verious density. For determination of
the function F w2y pint its curve according to values of the parameter L.

The value of thoe latier is ottained from formula (3). For conversion to the
quantities x and = the value of the ratio k1/u1 w 0.016.m, This value is

determin 3 .Jer wu:ipenderart conditions in the air and for average roughness
of the surfac-.

We will prio"lx pyamine the firgt of tre abovementioned types of fog.
While it doos -t - Yang to the vapor fogs, its physical description is much
like that of ti~ ':tewsr. In this case, as wsas noted above, the moisture
content of th avenes iir undergoes no apprecliable change, whareas the
temperature chancen considerably, which is the determining factor in the

forrmation of the ‘o,

As fn the ;oo iine discussion, the conditions of {og forrmation may be
writton {n the fallaning formg '

; ;.('l' e TR . ’ lT'_) 7
r Capt - ._.'A ,_[';—_) -t -'-7-: [ "‘-_———b ('T] . ( )
Analysis ot Coriila shows that for the rost haracteristic value
of function ¥ ::. Ti~atirn o! for is possible only with an initial humidity
1] mot less in. 7, Tk craracteristic value of furctien F nay be taken
at 0.5, since *: - 2howu that with F greater than 0.5 the temperature and
humidity chv - - oWl
1¢ ¢ irieventine e nots that with the piven value for Ty-Ty and
with the huml.:t: rm weiual to 50 or 7¢%., from equation (7) we o: tain values
for the initin  * - o-itare o fox forration with a riven dens:ty (in the

-l -
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zaleulat!on o have assumed d' /gy - 0.1, 0.05) correspondingly equal to
70 or SI07, 7t 4hows that with Fiven initis] hunidity the formzation of
LNt ey L e e nliter “I3 1h wemperaturn

(Tw = 7y » - . 2129, i3 rractically impossible. On - the otherhand, with
ry = 90, 1770 *ve formation of fog i3 possible with an air temperature
from 2 1 -7 ", Thus, the occurrence of advective fors in winter, when
moist air o'ar a colder underlying surface, is easily explained,

The ws vl theory, as has been mentioned, is an extreme simplification -
of the rro - »7 fop formation. However, the following circimstances must -
be kept in - .. Certain of the assumptions in dsvelopins the theory here
are not Tur: oatal. In particular, the theory is easily gerneralized in the
case of ¢ *ui temperature and humidity and the varisbles qyw and T, varying
with elevinio. Owing to lack of 3pace, we will not derive these results

hare. Tt w.:in scarcely be expedient to examine more complex condilions at
the surface "for exanple, the heat-balance equation), since this, in addition
to cowpli~s r- the task, requires the introduction of phsvsical parameters

(for axam:ic, the heat characteristics of snow, soil, etc) about which 1little
i3 known at : ri-iont, whereas ths values Ty and qy for many cases are easily
measured,

In nclii<ion, certain factors accompanying the formation of fog have not
been taken inuy consideration, though they are easily svaluated. In parti-
cular, with '« condensation of water vapor, as is known, the air temperature
will chanse ~ownswhat, This change may be approximately calculated in the
followinr mannvr, If the temperature dve to condensation is designated by
A Ty, then on the basis of the foregoing we obtain

Ay = —ré;-(q - qs) (8)

Hers ' iz tne heat of evaporation, Cp is the heat capacity of the air,

Usina ths known formula for qy and formula (2), we may calculate the
value A T.. “he calculations show that under ordinary conditions the

value & Ty {: i rroximately 50-100 times less than the value AT as determined
from formula () (that is, the change in air temperature as a result of

heat transorv:ition is many times less than the change of this value under

the ‘influsn-» of condensation of water vapor in forming the surface fog.
Henca, the 7:.ct of the change in air temperature under the influence of

condensation of water vapor apparently plays an insignificant role.

"t is alin of interest to note that fogs caused by a reduction in air
temparaturs, civen approximately identiecal initial characteristics of the
‘ air (fors of ioup as), possess a higher dersity than the fogs of group b.

The therwodynamic aspect of this phenomanon first attracted the
attention of i, L, Laykhtman {3], who showed that in the occurrence of fog
a reduction in alr Lanperature plays a preater role than a chanze in

humidity. 7% correctness of this statement can be shown in the light of
the presentss «lementary theory, ‘

Figur: 7 “fows the relative humidity of air as calculated for fop
formatien 0¥ : 1vs & and b, Notwithstanding the fact that the range of

may not te exhaustively presented in the characteristic

"58, the curve nevertheless clearly shows that in case

ralative h:- 1.
curve of th-

a, the b1l ¢ rises nmore sharply than in case b.

Tnorrnnroes the actnal process of for formation may differ considaerably
fre= the o v discussed here. Tn particular, in certain cases it is neces-
sary to oo ot the form of equation (1) dun to considaration of cortain
factors it o, a nonstatienary rrecess or herizuntal diffuston),
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‘s not always rossible to use conditions of complete similarity
7rs of heat axchange and molsture exchange. -However, these
quesiion: v toyond the scope of the present article .and require special
eximinallor. Hare we shall merely attempt to ohbtain certaln basic results

- the process of for formation in the surrace layer of air by

. slemantary phrsical investigation. 4

Moreovar, i
In the taear

v 2 shows, in the fermaticn of fogs of type a the valus r may

~7-xn valus 7t a certain value of F, More detailed examination of

w72 whows that the law of change of r, shown in Figure 3, is

“iii chuage of roia the function F apparently has the following
“ning.  #ith the noverent of air over 8 wam underlying surface
7. warmed and laden with water vapor. The latter, causing

(under ~-t4in conditions) an increase in relative humidity, gives rise
to the 7. iion of fop. Howaever, with further moverent of the air the
relative ! -widity, upon reaching & certain maximum, may again decrease.
This cire - tance points to a possible natural dissipation of vapor fog.

In fact, 1 aature, as is known, vapor fogs are otserved only in the
litteral -anw or regionsof marked temparature contrasts (for example, in

the rca s o' inarine currents). This is explained by the fact that the
initialiy formed fog dissipates as a result of heating of thes air mass..
Hance it is of interest to explain under what conditions natural dissipaticn

of fog of t:re b is possible.

In the irst approximation it may be assumed that the fog may be
dissipated only in the event of a decrease in r. Hence values of the
functions 'y at which dissipution of the fog is possible may be determined’

approxdrately fror the condifion

ar
—_—
aFr

Hence wo obtain the following form for determining Fy:
(r2r—2r)
N +7)) + a(Ty —T,)]— (b + T)) expla T+ Ty  b+T1

. )
' .(r,—r,){rl—upl-(ETT'F;'"T%T_.)J} A |

Formula (9) permits calculation of the values of F for various values
of Ty, ri, and Tw, In particular, with Tw = 0° and given values of ry - 8o
and 1007, the values of F (as Figure b shows) vary from 0.3 to 0.5 (with
Ty lving ~ithin the range of -30 to ~1§ °C),

0n the tasis of Figure 2 we find that the value of parameter L is sreater
than 60. 7T¢ we assume that z = 1 m and k/ul = 0.01S, tren dissipation of
the for rreoves possible with x greater than approximately 2 km (that is, the
fog max te lssipated at a distance of approximately 2 km from the shore).

In c2nclusion I think it necessary to peint out that cases of the
forzatio T fons of types a and b are examined in A. G. Amelin's wcll-
vi [l:]. However, A. G. Amelin deals chiefly with the thermody-

Kknown o : _
nanic asr-o of the process, which may be ccnclusive for the formation of
fog unis: ioratory or industrial conditions, but canrot to any extent be
consicder: . ojuate for examination of this procass under natural conditions,
Main See;”  .i-3l Qlservatory Submitted 3 May 195L
inment A, T, Voreykov
- A -
“ e
T e—
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